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Nanoparticles  are  being  extensively  investigated  in industries  and  academia  due  to  their widespread
applications  in  various  areas  of  science  and  manufacturing.  Unfortunately,  nanoparticles  easily  aggregate.
This problem  of  nanoparticle  aggregation  creates  challenges  for  various  applications.  In this  study,  we
focus  on  using  nanocomposite  particles  prepared  via  mechanical  treatment  to  pulverize  the  aggregated
Y2O3 nanoparticles.  CaCl2 and  aggregated  Y2O3 nanoparticles  were  mechanically  treated  using  a  process
in  which  high  shear  and  compressive  stress  are applied  to  them  in order  to  generate  nanocomposite
particles.  In order  to rinse  out CaCl2, the  nanocomposite  particles  were  then added  to  distilled  water
to  dissolve  the CaCl2 cores,  and  they  were  centrifuged  before  supernatant  solution  was  decanted.  The
recovered  Y2O3 nanoparticles  had a signiﬁcantly  smaller  particle  size  and  larger  speciﬁc  surface  area  than2O3 the  aggregates.  Thus,  we  conﬁrmed  that  the aggregated  Y2O3 nanoparticles  were  effectively  pulverized
in  a  short  time  by  using  nanocomposites  prepared  by  mechanical  treatment.  Further,  the relative  density
of the  sintered  body  prepared  from  the  pulverized  Y2O3 nanoparticles  was  higher  than  that  of the  as-
received  and  ball-milled  Y2O3 nanoparticles.
© 2016  The  Ceramic  Society  of  Japan  and  the Korean  Ceramic  Society.  Production  and  hosting  by
Elsevier  B.V. This  is  an  open  access  article  under  the CC  BY-NC-ND  license  (http://creativecommons.org/. Introduction
The shape, dispersion, and manufacturing of nanoparticles have
een extensively studied for realizing a wide range of applications
n various areas of science and manufacturing. In particular, their
ptical, chemical, physical and electronic properties have led to
any developments, e.g., in developing nanocarriers for controlled
rug delivery, catalysis, biological imaging, selective treatment of
evere diseases, formation of extremely hard and scratch-proof
oatings, and production of low-sintering temperature ceramics
1–4]. However, nanoparticles form aggregates or agglomerates
asily due to interparticle interactions. These interactions are either
ominated by weak van der Waals forces, stronger polar and elec-
rostatic interactions, or covalent interactions during the synthesis
rocess [5–7]. Aggregate formation degrades the properties of the
nal products. For example, when the particles are aggregated,∗ Corresponding author at: Yokohama National University, 79-7 Tokiwadai,
odogayaku, Yokohama 240-8501, Japan. Tel.: +81 453393959.
E-mail address: tatami@ynu.ac.jp (J. Tatami).
Peer review under responsibility of The Ceramic Society of Japan and the Korean
eramic Society.
ttp://dx.doi.org/10.1016/j.jascer.2016.06.005
187-0764 © 2016 The Ceramic Society of Japan and the Korean Ceramic Society. Producti
icense (http://creativecommons.org/licenses/by-nc-nd/4.0/).licenses/by-nc-nd/4.0/).
the resulting powder compact forms an inhomogeneous structure.
Furthermore, if the size of the aggregated particles increases, the
internal pore size of the powder compact increases. As a result,
the sinterability of the material decreases and the properties of the
ﬁnal product are degraded [8–10]. Therefore, it is crucial to control
nanoparticle dispersion and aggregate formation. Unfortunately, it
is very difﬁcult to pulverize and disperse aggregated nanoparticles
perfectly. Thus, the pulverization and dispersion of nanoparticles
have become important techniques for handling nanoparticles in
industries [11]. Various methods have been developed for pul-
verization of nanoparticle aggregates in liquids, including use of
agitator discs, colloid mills, high-pressure homogenizers, triple
roller mills, ball mills, attrition mills, and bead mills [12,13]. These
pulverization methods operate under mild operating conditions,
and may  be used for large-scale production. In the past few years,
many researchers have studied ball milling and bead milling to
pulverize nanoparticles to almost primary particle size [13,14].
However, the contamination of the nanoparticles with ground ball
media after ball milling and bead milling was ten times higher than
that caused by a dry process [14]. In our previous study, we used
mechanical treatment, i.e., dry process in which strong shear and
compressive stresses are applied to powders in order to obtain a
uniform dispersion of nanoparticles [15–23]. With this result, we
on and hosting by Elsevier B.V. This is an open access article under the CC BY-NC-ND
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onﬁrmed that application of a strong shear force can pulverize and
isperse aggregated nanoparticles onto the surface of core parti-
les. We  considered the possibility that we might obtain only the
ulverized nanoparticles if the core particles were removed from
he nanocomposite particles after mechanical treatment. In order
o disperse nanoparticles, Gotoh et al. have proposed a method for
ispersing dry nanoparticles in a liquid using large carrier particles
>90 m),  which involves coating the large carrier particles with
he nanoparticles, followed by sonication of the composite particles
nd sedimentation of the larger particles [24]. However, yield of the
anoparticles should be very small because separation by the sed-
mentation process needs the large difference in the particle size.
e selected micron-sized CaCl2 particles as host particles because
hey have a relatively high melting point, and they are inexpensive
nd are easy to dissolve in water.
In this study, we focus on mechanical treatment as a method of
ulverizing aggregated nanoparticles. CaCl2 and aggregated Y2O3
anoparticles were mechanically treated by application of a strong
hear and compressive stress to prepare nanocomposite particles.
hen, pulverized Y2O3 nanoparticles were obtained after removal
f the CaCl2 particles. We  also fabricated powder compacts and
intered bodies using the Y2O3 nanoparticles.
. Experimental procedure
CaCl2 powder (Kanto Chemical, Japan, purity: 95.0%) and Y2O3
owder (ShinEtsu, BB-type, Japan, purity: >99.9%, CaO <10 ppm)
ere used as raw materials in this study. 95 and 5 vol% of CaCl2
nd Y2O3 powders were used. The crystallite size of the as-
eceived Y2O3 powder estimated with the Scherrer equation and
WHM values in the X-ray diffraction pattern was 22 nm.  The
owders were mechanically treated using a powder composer
NOB-130, Hosokawa Micron Co.). This process allowed us to pro-
uce nanocomposite particles under dry conditions, without any
inder, by applying strong shear and compressive stress due to the
otating blade and the small gap between the blade and chamber
15–23]. The experimental procedures used are brieﬂy shown in
ig. 1. First, the CaCl2 powder was put into the chamber and pre-
reated at approximately 1000 rpm for 1 min. After that, the Y2O3
owder was added to the chamber and pre-mixed using the same
onditions. Finally, the powders in the chamber were mechanically
reated. The rotation speed of the blade was about 4000 rpm, the
ower applied was 5 kW,  and the soaking time was  1 min.
In order to rinse out CaCl2, the resulting powder mixtures
ere added to distilled water, and then centrifuged at 3000 rpm
or 10 min  before the supernatant solution was decanted. This
entrifuging and decantation procedure was carried out ten times.
Fig. 1. Schematic diagram of our meic Societies 4 (2016) 351–356
The resulting powders were dried at 100 ◦C in oven. The spe-
ciﬁc surface areas of the Y2O3 powder were measured using
the Brunauer–Emmett–Teller (BET) method (BELSORP-mini II, BEL
Japan, Inc., Japan), and the Y2O3 powder was analyzed using an X-
ray ﬂuorescence spectrometer (XRF, JSX-3202EV, JEOL Ltd., Japan)
and X-ray diffraction (XRD; RINT 2000, Rigaku Co., Japan) in order
to conﬁrm the extent of contamination. Particle size and shape
were observed using a ﬁeld emission scanning electron microscope
(FE-SEM, JSM-7001F, JEOL Ltd., Japan).
In order to make granules of these powders, 8 wt%  parafﬁn
(melting point: 46–48 ◦C, Junsei Chemical Co., Japan) and 4 wt%
dioctyl phthalate (DOP, Wako Pure Chemical Industries, Ltd., Japan)
were added to the powder as a binder and a lubricant, respec-
tively. The resulting material was  sieved using a nylon sieve of
250 m mesh. The granules were molded to 11 × 3 mm by uni-
axial pressing under 20 MPa, followed by cold isostatic pressing
under 200 MPa. The cold isostatic pressing procedure was repeated
10 times. SEM was  used to observe the fracture surface of the pow-
der compacts. In addition, a specimen with a thickness of 400 m
was subjected to a liquid immersion technique, which uses the
transmitted light from an optical microscope (OM, Olympus BX51,
Japan) to observe the internal structure of the green body. The liquid
used for immersion was  diiodomethane.
Organic compounds in the powder compacts were eliminated
by ﬁring at 500 ◦C for 3 h in an air ﬂow of 4 L/min. After dewaxing,
the powder compacts were sintered in an electric furnace (M-1700,
Watanabe Manufacturing Co., Japan) at 1500 ◦C for 2 h. The heat-
ing rate was  5 ◦C/min. The relative density of the sintered Y2O3
body was  measured by the Archimedes method. Microstructure
observations were carried out via SEM of a thermally etched surface
that was  ﬁrst prepared by ﬁring at 1300 ◦C for 30 min, and a frac-
ture surface. As references, the as-received Y2O3 powder and the
Y2O3 powder were ball milled with Si3N4 balls. Ball milling was
performed in ethanol for 24 h at a milling speed of 110 rpm in a
polyethylene container. Ball milling was followed by elimination
of ethanol.
3. Results and discussion
Fig. 2 shows the FE-SEM images of the three kinds of Y2O3
nanoparticles and CaCl2–Y2O3 nanocomposite particles. The as-
received Y2O3 particles were found to be signiﬁcantly aggregated
(Fig. 2(a)). After ball milling, many of the Y2O3 nanoparticles
remained aggregated (Fig. 2(b)). On the other hand, after our
mechanical treatment, aggregates of the Y2O3 nanoparticles dis-
appeared and nanosized Y2O3 was  detected on the surface of CaCl2
particles. This indicates that CaCl2–Y2O3 nanocomposite particles
chanical treatment procedure.
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Table 1
Speciﬁc surface area of Y2O3 nanoparticles and particle size calculated from BET
results.
As-received Ball-milled Mechanically
treated
Speciﬁc surface area (m2/g) 31.9 35.0 59.8ig. 2. FE-SEM images of Y2O3 and CaCl2–Y2O3 nanocomposite particles: (a) as-recei
nd  (d) mechanically treated Y2O3 particles.
ere successfully obtained in the same way as in our previous study
20–23]. After CaCl2 was rinsed out, the recovered product was
ound to consist primarily of well-pulverized Y2O3 nanoparticles
Fig. 2(d)).
In  order to conﬁrm the pulverization of the Y2O3 aggregates,
heir speciﬁc surface area was measured using the BET method
nd particle size was calculated from BET results, as shown in
able 1. The speciﬁc surface area of the mechanically treated Y2O3
anoparticles was higher than that of either the as-received or
all-milled particles. The particle size of the mechanically treated
2O3 nanoparticles was 20 nm,  which is smaller than those of
s-received and ball-milled particles. Fig. 3 shows XRD proﬁles
f the Y2O3 powders. The detectable diffraction peaks can be
ell indexed to the Y2O3 phase. The crystallite size of the Y2O3
ig. 3. XRD proﬁles of the (a) as-received, (b) ball-milled, and (c) mechanically
reated Y2O3 powders.Calculated particle size (nm) 37 34 20
nanoparticles estimated from the XRD proﬁles using Scherrer
equation was  21 nm,  which is almost the same as that estimated
from the BET surface area. Therefore, this measurement conﬁrms
that the Y2O3 aggregates were pulverized effectively in a short
time by employing mechanical treatment.
Fig. 4. XRF spectrum of (a) as-received, (b) ball-milled, and (c) mechanically treated
Y2O3 particles. Rh is a target material of the X-ray source.
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As shown in Fig. 4, the chemical composition of Y2O3 nanopar-
icles was conﬁrmed by XRF. Strong peaks from Y were found in
he Y2O3 nanoparticles after CaCl2 was rinsed out. The chemical
omposition of the mechanically treated Y2O3 nanoparticles eval-
ated by XRF analysis is listed in Table 2. The quantity of Y2O3 and
aCl2 calculated on the assumption that Y and Ca exist as oxide
nd chloride was  99.87 and 0.13 wt%, respectively. Although they
ere not of high purity as raw materials and the trace of Ca was
Fig. 5. SEM images of the fracture surface of the powder compacts prepared from (a
ig. 6. Optical microscopic images of internal structure of powder compacts prepared froic Societies 4 (2016) 351–356
included because of incomplete rinse out, we have conﬁrmed that
the pulverized and pure Y2O3 nanoparticles were obtained using
mechanical treatment.
Relative density of the powder compacts prepared from the
Y2O3 nanoparticles was  independent of the processing as listed
in Table 3. Fig. 5 shows SEM images of the fracture surfaces of
powder compacts prepared from three kinds of Y2O3 nanoparti-
cles. The fracture surfaces of the powder compacts prepared from
) as-received, (b) ball-milled, and (c) mechanically treated Y2O3 nanoparticles.
m (a) as-received, (b) ball-milled, and (c) mechanically treated Y2O3 nanoparticles.
 Ceramic Societies 4 (2016) 351–356 355
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Table 2
Chemical composition of the Y2O3 nanoparticles measured by XRF method.
Sample Element content (wt%)
F
nK. Jeong et al. / Journal of Asian
s-received and ball-milled Y2O3 nanoparticles were rough, which
ndicates that the structure of the powder compacts was inhomo-
eneous due to the presence of hard aggregates. On the other hand,
he powder compacts prepared from mechanically treated Y2O3
anoparticles showed a homogeneous structure due to good pul-
erization. The internal structure observed using the immersion
iquid technique is shown in Fig. 6. In these photographs, con-
rast results from the difference in the reﬂective index between
2O3 and the immersion liquid, speciﬁcally the difference in green
ensity. It was found that the internal structure of the powder com-
act produced from the mechanically treated Y2O3 nanoparticles
as more homogeneous than those produced from as-received or
all-milled Y2O3 nanoparticles. This result agreed with the SEM
bservation of the fracture surfaces shown in Fig. 5. In the previ-
us report, hard aggregated particles or granules are difﬁcult to
e deformed, causing the inhomogeneity and the large pores in
he powder compact [25–28]. Although the deformability of the
ranules of the aggregated Y2O3 nanoparticles used in this study
as not been estimated yet, they should be harder than those of
ig. 7. SEM micrographs of the thermally etched surface of sintered bodies prepared fr
anoparticles. The bottom-left corner of (b′) is the fracture surface.Y Ca
Mechanically treated Y2O3 99.87 0.13
the pulverized Y2O3 nanoparticles because of stronger bonding
between the particles. As a result, formation of the large pores in
the powder compact prepared using the mechanically treated Y2O3
nanoparticles was restricted compared with those prepared using
as-received or ball-milled Y2O3 nanoparticles.
Table 3 also lists relative density of the sintered bodies ﬁred
at 1500 ◦C for 2 h. The relative density of the sintered body pro-
duced from the mechanically treated Y2O3 nanoparticles was 97.5%,
whereas the relative densities of the sintered bodies made from
as-received and ball-milled Y2O3 nanoparticles were 82 and 83.8%,
respectively. Because Ca compounds have been reported as a sin-
tering aids in some cases [29,30], the Y2O3 sintered body was
om (a) (a′) as-received, (b) (b′) ball-milled, and (c) (c′) mechanically treated Y2O3
356 K. Jeong et al. / Journal of Asian Ceram
Table 3
Relative density of the powder compact and the sintered body prepared from Y2O3
nanoparticles.
Sample As-received Ball-milled Mechanically
treated
Powder compact 45.9 46.1 46.3
Sintered body 82.0 83.8 97.5
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abricated by adding 0.13 wt % of CaCl2 to the as-received pow-
er, which is the same chemical composition as the mechanically
reated Y2O3 nanoparticles estimated by XRF analysis. As a result,
he relative density of sintered body was 88.0% in the sample
repared from the powder mixture of the Y2O3 nanoparticles
nd CaCl2. Although this is slightly higher than the relative den-
ity of ball-milled Y2O3 nanoparticles, it is of lower density than
he sintered body produced from the mechanically treated Y2O3
anoparticles. This means that the pulverization was effective for
ensiﬁcation of Y2O3 nanoparticles while 0.13 wt% of CaCl2 slightly
mproved densiﬁcation.
Fig. 7 shows the microstructures of the Y2O3 bodies after sinter-
ng at 1500 ◦C for 2 h. Larger pores and many smaller pores were
ound in the sintered bodies prepared from as-received and ball-
illed Y2O3 particles. In particular, the smaller pores were more
learly observed in the fracture surface as shown in the bottom-
eft corner of Fig. 7(b′). On the other hand, fewer small pores were
bserved in the sample prepared using mechanically treated Y2O3
anoparticles. In addition, considerable grain growth occurred in
he pulverized nanoparticles because of enhancement of densi-
cation. We  have shown that our pulverization technique using
anocomposite particles is effective in fabrication of dense and
omogeneous ceramics.
. Conclusions
Mechanical treatment was used to pulverize aggregated Y2O3
anoparticles. This process requires only a short treatment dura-
ion. The size of the pulverized Y2O3 nanoparticles decreased
igniﬁcantly and the speciﬁc surface area of the resulting material
as higher than that of as-received and ball-milled Y2O3 parti-
les. These results conﬁrm that mechanical treatment is suitable for
[
[
[ic Societies 4 (2016) 351–356
pulverization of aggregated nanoparticles. In addition, the material
produced by sintering of the pulverized Y2O3 nanoparticles was
dense and homogeneous.
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